I. INTRODUCTION
Cell membranes are composed of lipid bilayer, proteins, cholesterol, and carbohydrates and indispensable for cellcell interaction, transport of ions and molecules, and signal transduction. 1 To study cell membranes, lipid bilayers deposited on solid surface 2 [supported lipid bilayers (SLB)] are widely used as a simplified model cell membrane due to the two dimensional lateral fluidity and simplified compositions by using purified components. 3 SLB are physically stable and can be easily characterized by surface sensitive detection techniques 4, 5 for biosensors 6 and cell biology studies. 7 The biomimetic feature of SLB can also provide natural cell culture environment to study the protein and cytoskeleton organization [8] [9] [10] and lipid domain formation. 11 Intracellular potential measurement was demonstrated using SLB as an interface between transistors and cells. 12 SLB on gold surface are widely used because the gold surface allows well-known chemical modification and is suitable for electrical and optical measurements. [13] [14] [15] Many techniques like electrochemistry, [16] [17] [18] [19] [20] and surface plasmon resonance, 21, 22 not to mention microelectrode arrays, have employed gold surfaces for cellular interaction studies. However, it is well known that the formation of SLB on the gold surface from lipid vesicles is restricted. [23] [24] [25] [26] To prepare SLB, selfassembled monolayer of thiol is the most popular surface modification method to change the surface hydrophilicity, but this hinders electrical access to other molecules. [27] [28] [29] [30] Several other approaches based on vesicle fusion [31] [32] [33] were developed to induce vesicle rupture and SLB formation on bare gold surfaces by using thiol labeled lipids in lipid vesicles, 34, 35 optimizing buffer, 30, 36 inserting peptide to rupture adsorbed vesicles, 37 and organic solvent assisted method. 38 As SLB formation depends on many experimental variables like pH, hydrophilicity, ionic concentration, osmotic pressure, vesicle size, and temperature, 24, 39 optimal conditions should be used for different surfaces and lipid compositions. To use SLB for various biological studies, various biological components such as proteins and lipids have been incorporated in lipid vesicles and bilayer. For this reason, fabrication methods which work under physiological conditions without surface treatment are needed.
Here, we show that positively charged small unilamellar lipid vesicles rupture and form bilayers on gold surfaces without any additional surface modification in physiological condition. To observe the kinetic behavior of vesicle rupture and SLB formation on gold surface, quartz crystal microbalance with dissipation (QCM-D) monitoring system was used. In addition to bilayer formation, we demonstrate that positively charged SLB on gold surfaces also supports primary neuronal cell growth.
II. EXPERIMENT
A. Materials 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC, zwitterionic) and 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP, positive) were purchased from Avanti Polar Lipids, Inc. Oregon green V R 488 DHPE, Neurabasal medium, B27 supplement, L-glutamine, and Calcein AM were obtained from Invitrogen. Poly-D-lysine (PDL) and salts for phosphate buffer saline (PBS), HCl, and NaOH solution were purchased from Sigma-Aldrich GmbH. Hellmanex V R III for the cleaning of the glass coverslips was bought from Hellma Analytics. For the zeta potential measurements and cell culture, gold (Au) layers with a thickness of 100 nm were deposited via sputter technology on silicon wafers using a 10 nm titanium layer as an adhesion layer.
B. Lipid vesicle preparation
Lipids were dissolved in chloroform with the desired ratio and dried on the glass vial using a stream of N 2 . 0.2% Oregon green 488 DHPE was added when fluorescence observation was needed. The thin lipid film was kept in a a) Electronic mail: a.offenhaeusser@fz-juelich.de vacuum chamber for 1 h to remove any trace of the solvent. Subsequently the lipids were rehydrated to 5 mg/ml with PBS and extruded using Avanti mini extruder (Avanti polar Lipid, Inc.) through 30 nm diameter pores of a polycarbonate membrane. The lipid stock solution was kept in a fridge for less than 1 week.
The zeta potential of the lipid vesicles was measured using a Zetasizer Nano ZS instrument (Malvern Instruments, Malver, UK) with a folded capillary cell. All measurements were done at 25 C with 0.1 mg/ml lipid vesicle solution in PBS. The electrophoretic mobility of vesicles were converted to zeta potential using the Smoluchowski equation. 40 
C. QCM-D measurement
A Q-sense E4 instrument, equipped with open modules and QSOFT software (BiolinScientific/Q-Sense, Sweden), was used for the monitoring of the lipid bilayer formation. Au coated AT-cut quartz crystals with a fundamental frequency of 5 MHz (BiolinScientific/Q-Sense, Sweden) were cleaned with oxygen plasma (Diener Electronics) and immersed in a 5:1:1 solution of water, 25% ammonia, and 30% hydrogen peroxide for 20 min at 65 C. These sensors were always again activated with the oxygen plasma before experiments. The as prepared lipid vesicle solution was diluted to 0.3 mg/ ml in PBS, and, after stabilization, 1 ml of the solution was applied to the open chamber. After bilayer formation or vesicle adsorption, excess lipid vesicles were washed out with PBS. The measurements were done for n ¼ 1-13 overtones for at least three times. For clarity, all results displayed here are the representative result of 11th overtone. See supplementary material for average and standard deviation of final frequencies and dissipations. 41 The pH of the buffer was adjusted by adding HCl or NaOH solution.
D. Streaming potential/streaming current measurements
For the analysis of the surface potential of gold surfaces, a modified electrokinetic analyzer SurPASS (Anton Paar Germany GmbH) was used. A pair of identical planar samples (10 Â 10 mm) was placed in a clamping cell with gold surfaces facing each other, forming a microfluidic channel. The gap height of 100 lm between the two parallel-plane surfaces was kept to ensure laminar flow of the electrolyte. The detailed measurement principle is, for instance, described in Werner et al. 42 Potassium chloride (KCl, 10 mM) was used as the working electrolyte solution. The pH value of the working electrolyte was changed in the range of 6-10 with potassium hydroxide (KOH, 50 mM) as the titration solution. To ensure the reproducibility and reliability of the measurement, an optimized measurement procedure was used. 43 Prior to each measurement, the samples were cleaned and activated in an oxygen plasma with the parameters 120 W, 0.8 mbar pressure, and 5 min duration.
E. Surface preparation for the cell culture
The gold surface was cleaned via the same procedure that was used for the QCM-D sensors. For cell culture control experiments on glass, coverslips (18 mm) were cleaned with a 2% Hellmanex solution and water in an ultrasonic bath. After cleaning, the coverslips were dried at 60 C overnight and stored until use. All the substrates were treated with O 2 plasma and sterilized by UV for 30 min just before the experiments. The PDL was dissolved in PBS at 50 lg/ml, and the lipid solution was diluted to 0.3 mg/ml in PBS. These solutions were applied on the glass or on the gold surface. After 1 h, these substrates were rinsed with PBS and the cell culture media.
F. Cell culture
Rat embryonic cortical neurons were prepared as described before. 44 Briefly, primary cortical neurons were retrieved from pregnant Wistar rats at 18 days of gestation and suspended in 1 ml of neurobasal medium containing 1% B-27, 0.5 mM L-glutamine, and 50 lg/ml gentomicin. These cells were plated on the substrate at a density of $200 cells/mm 2 . Half of the medium was changed 4 h after preparation and subsequently every 3À4 days. The experiments are approved by LANUV (Landesumweltamt f€ ur Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, Germany, in accordance with §6 TierschG., §4 TSchG i.V. and §2 TierSchVerV).
G. Live cell staining
Calcein AM was diluted to 1:2000 in PBS, and the cell culture medium was changed to this solution. The cells were incubated for 1 h at 37 C and washed with PBS. The number of live cells was obtained by counting Calcein AM stained cells in fluorescence images using IMAGEJ (National Institute of Health, USA). . The zeta potential of liposomes increases with the ratio of DOTAP (Fig. 1) .
In order to observe the adsorption and bilayer formation in real time, we used QCM-D, which is a powerful method to study the bilayer formation on solid surface in real time. 23 QCM-D provides mass (frequency change, Df) and viscoelastic property (energy dissipation change, DD) on the sensor surface, 46 and it is particularly sensitive to the adsorption of water filled vesicles. 47 Figure 2 shows QCM-D signals for POPC and DOTAP lipid vesicle depositions on gold surfaces with various POPC and DOTAP ratios. The lipid vesicle solution was added after 5 min and excess vesicles were washed away with PBS after 40 min. Right after vesicle injection, vesicles attached on the surface as indicated by the decrease in frequency and increase in dissipation. After reaching an equilibrium state, typically Df % À25 Hz and DD < 1 Â 10 À6 can be observed for sensors fully covered by lipid bilayers. 23, 25, 47 This can be seen for the highly charged lipid vesicles (over 30% DOTAP, red and blue curves in Fig. 2) . The frequency minimum and energy dissipation maximum is not observed during bilayer formation, which is similar to reports for the deposition on SiO 2 surface. 48 This indicates that after the positively charged vesicles adsorb on gold surface, they rupture spontaneously without the support of any other additional forces like vesicle-vesicle interaction. On the contrary, neutral vesicles (0% DOTAP, solid magenta curve in Fig. 2 ) seem to form a lipid vesicle layer without the rupturing process, which is represented by significantly large change of frequency and dissipation. Total mass of adsorbed lipid vesicle layer is larger than lipid bilayer because the buffer in the vesicles and bound to the vesicles also contributes to the mass change. And the elastic property of vesicles and surrounding molecules cause high energy dissipation generated by the shear stress from the oscillation of QCM-D. Thin layer such as lipid bilayer couples tightly to the surface, so energy dissipation is quite low. 23 The intermediate frequency and dissipation change observed for 10% DOTAP (dotted green curve in Fig. 2) can be interpreted as a formation of a mixture of lipid vesicles and bilayer on the gold surface.
Typically, vesicles start to rupture and form bilayers when the vesicle-surface interaction is strong enough to overcome the surface tension. 49, 50 The positive charge of lipid vesicles can lead to an attractive electrostatic interaction with the negatively charged gold surface. The negative charge of the gold surface was measured with streaming potential method ( Fig. 3) and agrees with the literature. 51 In addition, the number of charged lipid molecules in vesicles has a strong influence on the vesicle rupture process on the surface. 52 As a consequence, the larger the charge of the lipids that are included in the vesicle, the stronger the interaction between the Au surface and the lipid vesicles. Next, we tested different pH values of PBS for the bilayer formation in order to change the electrostatic interaction. In acidic and neutral condition, positively charged vesicles rupture spontaneously as shown before in Fig. 2 and also in Fig. 4 . However, in basic buffer (pH 9 and 11) vesicles do not rupture instantaneously although the Au surface is more negatively charged. This is counterintuitive because the negative surface charge should cause stronger electrostatic interaction. Increasing electrostatic interaction by lowering NaCl concentration did not show this difference (Fig. 5 ), but vesicles first have to reach a critical surface coverage before forming bilayers in basic condition. This two-step process (mass increase by vesicle adsorption until the critical concentration of vesicles is reached, followed by a decrease in the mass due to the rupture of the vesicles) in basic buffer (red and blue dotted curve in Fig. 4) indicates that, although the electrostatic vesicle-surface interaction is expected to be stronger than for the acidic or neutral buffer, a sufficiently large vesicle-vesicle interaction is required for the SLB formation. 48 An explanation might be that the electrostatic interaction in basic conditions might be reduced due to the screening of the positive charge of DOTAP by HPO 4 2À since this divalent counter ion (the dominant anionic ion in PBS) might effectively bind to DOTAP. 53, 54 Moreover, these counter ion might also generate an entropic repulsion when vesicles approach the gold surface as reported by Zhu et al. 55 These effects might weaken the electrostatic adhesion force of the lipid to the surface.
C. Neuronal cell culture on SLB coated gold
As reported previously on glass surfaces, positively charged SLB are suitable for the adhesion and proliferation of neuronal cells. 56 Since positively charged lipids also form bilayers on gold surfaces, the same experimental procedures were used to construct SLB on gold for neuronal cell culture experiments. Primary neuronal cells were seeded on this gold supported SLB and cultured for 10 days and stained with Calcein AM (Fig. 6 ). Morphology and number of live cells on SLB were same as conventional PDL coating. While nitrogen head group of DOTAP shows cytotoxic effect when encapsulated for mammalian cell transfection, 57 cytotoxicity of DOTAP was not observed on this neuronal culture system. In contrast, without any coating or with only POPC vesicle layer on gold surfaces, cells did not attach and survive (see supplementary material for cells on POPC on gold surface).
Mixture of DOTAP and fusogenic lipid has been used to deliver deoxyribonucleic acid to cells 58 and for cell membrane functionalization. 59 To monitor if there is any lipid transfer from SLB to cells, fluorescent lipid (Oregon green DHPE) was inserted in the SLB contains 30% and 100% DOTAP. Dead cells on those SLBs showed bright fluorescence which indicates that spontaneous lipid transfer 60 has occurred ( Fig. 7) . Live cells on 30% DOTAP SLB did not show any fluorescence while plasma membrane of neurons on 100% DOTAP were fluorescent, which shows that neurons can resist spontaneous transfer at low DOTAP concentration. From these observations, we can infer that there is passive lipid transfer from SLB to cell membrane due to electrostatic interaction, but cells on 30% DOTAP SLB can inhibit the transfer or destroy the transferred lipids. But, on high DOTAP concentration, passive transfer originated from electrostatic interaction is faster than the cell's protective activity or DOTAP initiate other cellular endocytosis pathway. Further research is needed to illuminate the mechanism of lipid transfer and protective action of cells. So, lower concentration of DOTAP is better to provide inert surface for cell culture. Detailed study about the effect of transferred lipids on cells is needed to use the higher charged SLB as a cell membrane modification method.
IV. SUMMARY AND CONCLUSIONS
We demonstrated that positively charged lipid vesicles form lipid bilayers on bare gold surface in physiological condition and support neuronal cell growth. With sufficient positive charge, lipid vesicles rupture spontaneously on gold surfaces without any modification. The positively charged lipid possesses a strong enough electrostatic interaction with the gold surface for lipid vesicles to overcome the energy barrier in acidic and neutral solution. However, in basic buffer, the surface-vesicle interaction alone is not strong enough. Therefore, additional vesicle-vesicle interaction is necessary for the bilayer formation. Finally, the adhesion and growth of primary neuronal cells cultured on these positively charged SLBs on gold is comparable with that of conventional protein coatings. Our presented procedure could be used for the formation of biomimetic surfaces on micro/ nanofabricated gold electrodes that can be used to measure electrical and optical signals of cellular interaction in biologically 61 and physically 62-64 diverse systems. 
